Half-filled electron systems, even with the maximized spin angular moment, have been given little attention because of their zero-orbital angular moment according to Hund's rule. Nevertheless, there are several measurements which show evidence of a non-zero orbital moment as well as spin-orbit coupling. Here we report for the first time the orbital order in a half-filled 4f -electron system GdB4, using the resonant soft x-ray scattering at Gd M4,5-edges. Furthermore, we discovered that the development of this orbital order is strongly coupled with the antiferromagnetic spin order. These results clearly demonstrate that even in half-filled electron systems, the orbital angular moment can be an important parameter to describe material properties, and may provide significant opportunities for tailoring new correlated electron systems.
Half-filled electron systems, even with the maximized spin angular moment, have been given little attention because of their zero-orbital angular moment according to Hund's rule. Nevertheless, there are several measurements which show evidence of a non-zero orbital moment as well as spin-orbit coupling. Here we report for the first time the orbital order in a half-filled 4f -electron system GdB4, using the resonant soft x-ray scattering at Gd M4,5-edges. Furthermore, we discovered that the development of this orbital order is strongly coupled with the antiferromagnetic spin order. These results clearly demonstrate that even in half-filled electron systems, the orbital angular moment can be an important parameter to describe material properties, and may provide significant opportunities for tailoring new correlated electron systems. According to Hund's rule [1] , half-filled electron configurations, such as 3d 5 , 4f 7 , lead to the zero-orbital angular momentum, L = 0, while the spin angular momentum S , is maximized. In this sense, no spin-orbit coupling is expected in half-filled electron systems. For this reason, therefore, an atomic element which has the half-filled electron configuration has been uninteresting for synthesis of strongly correlated electron systems. On the other hand, nowadays, the spin-orbit coupling interaction has been found to be an important parameter to design emergent materials such as topological insulators and superconductors, in addition to magnetic applications [2] [3] [4] [5] [6] [7] . In particular, most exotic phenomena [2] in strongly correlated electron systems and correspondingly their complex phase diagrams [3, 4] are attributed to an inter-coupling between several degrees of freedom, including the spin-orbit coupling interaction [5] [6] [7] . To reinforce this interaction in material design, researchers have employed elements which have a large spin and/or orbital moment. In this context, half-filled systems have been given little attention even with the maximized spin moment, because of their zero-orbital moment.
Interestingly, in the last decade, many studies have demonstrated experimentally that the orbital angular momentum in half-filled systems does not follow Hund's rule [8] [9] [10] [11] [12] [13] . For example, the non-zero d orbital moment in Fe 3+ (d 5 configuration) systems, e.g., GaFeO 3 andFe 2 O 3 compounds, has been observed by soft x-ray magnetic circular dichroism measurements at the Fe L-edge [8, 9] . In the Ca-doped BiFeO 3 compound, the anisotropically reconstructed Fe 3+ d orbital band was observed by resonant soft x-ray scattering [10] . Similarly, a considerable f orbital moment contribution in the rare earth metal Gd (4f 7 configuration) has been observed by using time-resolved x-ray experiments [11, 12] . These experimental demonstrations imply that the orbital angular momentum is a non-negligible degree of freedom. Moreover, this implication makes a connection with previous findings [14, 15] which observed a change in the g-factor from the free electron value and a splitting of the Gd
Hund's rule ground state manifold, revealing that the spin-orbit coupling effect, even in a half-filled system, is an important parameter. In this context, the half-filled electron systems can be regarded as the strongly correlated electron systems. Several authors have considered the correlated effect theoretically [16, 17] . Nevertheless, the half-filled electron system is still at an early stage in being accepted as an important issue in materials science. This is because no experimental demonstration of spin and orbital degree of freedom under the non-zero spinorbit coupling has been performed in half-filled electron systems. Therefore, exploring static spin and orbital orders as well as their intercoupling behavior are critical to determine whether a half-filled system can be used to help design new materials.
To assess such a critical advance, we employ GdB 4 as a model system. GdB 4 has a primitive tetragonal structure (P 4/mbm) with four formula units per lattice point as the basis ( Fig. 1(a) ) [18] . In the Gd metal case, the anisotropic 5d band is strongly coupled with the 4f 7 band via intra-atomic exchange [25] , leading to an f -orbital contribution in the half-filled Gd [11, 12] . On the other hand, the ionic state becomes Gd 3+ in Gd-compounds like GdB 4 , indicating a half-filled 4f 7 configuration with an empty 5d band. However, through inter-atomic hybridization between the Gd 5d and B 2p states [26] , the 5d orbital state undergoes a distortion, leading to the anisotropic 5d band [26, 27] . As a consequence, the f orbital contribution in GdB 4 is expected to be similar to Gd metal. Moreover, rare earth tetraborides (RB 4 ) with L = 0 rare-earth elements show various ordering phenomena [28] [29] [30] [31] , such as antiferromagnetic (AFM) order, quadrupolar order, and structural transitions, as well as their inter-coupling effect. In this work, we employ resonant soft x-ray scattering (RSXS) technique on GdB 4 . With exploring f -band through dipole-transition (3d → 4f ), we directly address non-zeroed f orbital behavior even with Gd 3+ (i.e., half-filled 4f 7 configuration) and investigate its coupling with the AFM spin order above and below the Néel temperature, T N = 42 K.
As a first step, the f orbital behavior of GdB 4 was explored using RSXS at the Gd M 5 -edge. All RSXS experiments were carried out at beamline 13-3 of the Stanford Synchrotron Radiation Lightsource. Four Gd atoms are located at the 4g symmetry points in the crystalline ab-plane of a tetragonal unit cell and B atoms fill the space between Gd atoms ( Fig. 1(a) ). Beyond the inter-atomic hybridization between the Gd 5d-B 2p states [26] , with the intra-atomic coupling the distorted 5d band would also hybridize with the Gd 4f band ( Fig.  1(a) ). Therefore, these intra-and inter-atomic mixing of the Gd 5d band lead to an anisotropic f -band tensor of the x-ray susceptibility. A forbidden reflection, namely an anisotropic tensor susceptibility (ATS) reflection [31, 32] , is allowed in resonant x-ray scattering (similar to Jahn-Teller assisted orbital behavior in manganites [4] ). Figure 1(b) schematically shows the ATS reflection of the Gd 5d band at 55 K, revealing a forbidden reflection at q(H K L) = (2n + 1 0 0) seen at the resonant Gd L-edge (2p → 5d) [31] , which originates from the distorted d orbital band within the crystal structure (left inset in Fig. 1(b) ). Since a resonance at the Gd M 4,5 -edges results from the 3d → 4f dipole transition, the ATS reflection seen by RSXS indicates an anisotropic f -band in the GdB 4 chemical environment. As we expected, the 4f -bands ATS (1 0 0) reflection is clearly observed by the RSXS measured in the paramagnetic state ( Fig. 1(c) ). The ATS reflection shows resonant enhancement at the photon energy (E ph ) ∼ 1181 eV. Note that the resonant energy position is slightly lower than the maximum seen in Gd x-ray absorption spectroscopy (XAS). The ATS resonance persists up to room temperature [18] . This indicates that the Gd f orbital band is anisotropic, i.e., L = 0, via the Gd 4f -5d hybridization, even in the halffilled configuration.
At T > T N where no long-range ordered spin contribution (i.e., AFM order) in GdB 4 [33] is expected, we found clear 4f orbital anisotropy due to Gd 4f -5d hybridization. To explore coupling between the anisotropic 4f orbital and the AFM phase, the RSXS measurements were performed below T N . Figure 2 (a) shows the AFM Gd spin configuration and the RSXS experimental geometry [18] . The scattering plane lies exactly in the crystalline ac-plane. In the crystal's ab-plane, a non-collinear arrangement of Gd spins [34] leads to AFM order, creating scattering intensity at the wavevector q (H K L) = (1 0 0), which is same as the ATS reflection q. With the scattering geometry shown in Fig. 2(a) , therefore the (1 0 0) AFM represents Gd spin components projected along the b-axis. Further considering photon polarizations, with ψ = 0
• the (1 0 0) AFM scattering intensity can only detect the AFM order through the π -π channel, ∼|− cos ψ| 2 π (details in Eq.S11 [18] ). In other words, it is impossible to detect any magnetic signal with an incident σ polarization at ψ = 0
• . In this sense, with the incident π polarization, we could observe a clear AFM intensity at T = 28 K (Fig. 2(b) ). Interestingly, a clear resonant reflection is observed in the σ polarization (see the inset of Fig. 2(b) ). Note that the observed intensity in the σ (c) polarization is about two orders weaker than that in the π polarization. Hence, we infer that such an unexpected resonance in the σ channel must be associated with either the ATS reflection or something else (e.g., orbital order). Importantly, GdB 4 does not undergo any structure transition as a function of temperature [35] (and See Supplemental Material [18] ), indicating a conservation of the crystal symmetry above and below T N . For this reason, no significant temperature dependence of the ATS reflection is expected. As compared in the inset of Fig.  2(b) , however, the σ channel intensity below T N is much stronger (∼ ×100) than the pure ATS intensity above T N . Thus, this σ channel feature can be distinguished from the ATS reflection.
In order to investigate the origin of this σ channel feature, the resonant energy profiles of q = (1 0 0) in both the σ and π channels were monitored (Fig. 3(a) ). Those two resonant profiles are not identical, showing a different intensity distribution as a function of E ph . Note that the slight variation (the white dashed lines) of the q vector as a function of E ph is proportional to a change in the real part of the atomic form factor [18, 36] . In the π channel case (i.e., the AFM reflection), the resonant maximum is at E ph = 1188 eV. Also, there are two relatively weak multiplets of Gd 3+ at 1181 and 1184 eV. On the other hand, the resonant maximum in the σ channel (1184 eV) is 4 eV below the maximum for the magnetic order. This proves that the σ channel's feature is distinct from the magnetic order. It is worth noting that the small intensity spot in the σ channel that exists at 1188 eV might come from the imperfect incident x-ray polarization (98 %). Moreover, the σ resonant profile is quite different from the ATS one shown in Fig. 1(d) . In parallel, this energy selective sensitivity is also supported by analysis of the Gd XAS which consists of a combination of three terms due to the dipole selection rule ∆J = 0, ±1 [18, 37] . In particular, the quadrupole term is proportional to the absorption cross-section for ∆J = 0; i.e., F (∆J = 0) + iF (∆J = 0) [18, 38, 39] . As shown in Fig. 3(b) bottom, the maximum resonance in the scattering profile in the σ channel is qualitatively represented by the |F (∆J = 0)| 2 spectrum, revealing that the σ profile originates from the quadrupole moment. In this sense, we clearly exclude both the magnetic order and the pure ATS reflection as candidates for the origin of this σ channel feature.
Another candidate, orbital order, is natural to consider. To check this possibility, the azimuthal angle dependences in both the π and the σ polarizations were performed. Similar to deriving the AFM intensity, firstly we can describe the orbital scattering intensity in the incident σ polarization at ψ = 0
• , ∼|cos θ cos ψ| 2 σ (details in Eq.S15 [18] ). Accordingly, we infer that the signal in the incident σ polarization at ψ = 0
• is from the orbital. If ψ = 0
• (or = 90 • ), however we must consider that the scattering intensities are from both the AFM and orbital ordering intensities because all components are non-zero. Thereby, we combined the both orders, and describe the total scattering intensities in the σ and π as follows [18] :
where S and O is a scattering factors which are proportional to the ordered spin and orbital moment. In this context, with a small variation from ψ = 0 • , we can easily monitor a mixed feature containing both spin and orbital orders. For example (see Fig. 3(b) ), it clearly shows the mixed feature (black circles) between the spin and orbital even with the ψ = 3.5 o . Using a linear combination of both the σ and π intensities at the ψ = 0 (i.e., I σ (0) → orbital and I π (0) → spin, and experimentally S O), we produced the mixed feature (black solid line in Fig. 3(b) ), which is well matched with the experimental azimuthal data.
Moreover, we expand the azimuthal angle study at the specifically tuned E ph , because the orbital (1184 eV) and spin (1188 eV) resonances are energetically distinguishable. Figure 3(c) summarized the simulated azimuthal angle dependences (left panel) of Eq. (1) depending on the photon energy and polarizations, as well as comparison in experimental data (middle and right panels), resulting in a good agreement. Note that details of parameters are in Ref. [18] . On the one hand, overall spin's azimuthal dependences at the σ and the π channel are ∼|sin(ψ)| 2 and ∼|− cos(ψ)| 2 , respectively. On the other hand, as shwon in Fig. 3(c) , overall orbital response still looks like ∼|sin(ψ)| 2 even with the σ channel at 1184 eV. This is because the spin ordering signal is predominant even at the orbital resonant energy. However, the actual I σ | 1184eV (i.e., orbital response) is non-zero at ψ = 0 (see the middle-bottom panel of Fig. 3(c) ). The minimum I σ | 1184eV locates at ψ ∼ 6
• . According to Eq. (1), this shifted minimum indicates an existance of the nonzero O 1184 eV , resulting in an interference effect between the AFM and orbital orders [18] . From these findings, therefore we conclude that the origin of the σ channel is mainly Gd 4f orbital order.
Considering the 4f orbital configurations in other RB 4 compounds [40, 41] , this orbital order might be quadrupolar order. In the other RB 4 compounds with L = 0 rare earth elements, it is known that the 4f quadrupolar order is closely correlated with the in-plane AFM magnetic structures through spin-orbit coupling [31] . For example, an antiferro-quadrupolar (AFQ) order at q = (1 0 0) in DyB 4 forms only when the in-plane non-collinear spin components of the AFM order develop [31] . At higher temperature, the AFM spin component is parallel to the out-of-plane direction, and no AFQ order appears. Similarly, we can associate the newly observed Gd 4f orbital order at q = (1 0 0) with the AFQ order, if we find a similar relationship between the in-plane AFM order and the orbital order. Such relationship was investigated by the temperature dependencies of both the AFM order and the orbital orders (Fig. 4(a) ). We found that an onset temperature of the orbital order coincides with T N , indicating that the newly observed Gd 4f orbital order is AFQ order.
While the AFM order shows the typical power-law behavior, however, the temperature behavior of the AFQ is quite distinguishable from that of the AFM. To understand the order parameter shapes, both the AFM and AFQ orders were fit using a power law [ 
2β . The AFM order is well described with T c and 2β given by 41.8 ± 1 K and 0.78 ± 0.02, respectively. We note that the estimated β is very similar to the value in the three-dimensional Heisenberg magnet model [42] , which is consistent with the non-collinear spin configuration in GdB 4 [34] . On the other hand, in the AFQ case, the 2β is estimated to be 0.97 ± 0.02, more than 20% slower than the AFM order development. However, this 2β value does not fit below T ∼ 35 K, due to the relatively faster growth of the AFQ intensity. The order parameter in the low temperature region was fit by 2β = 0.79 ± 0.02 which is similar to the AFM order, as well as the AFQ order in DyB 4 [31] . These fitting results indicate that the AFQ order in temperature region ∼35 K < T < 42 K is somewhat different from the AFQ order below 35 K. To understand this region, we simulated the Gd spin fluctuations using a Ginzburg-Landau free energy model [18] . In GdB 4 case, the simulation result is shown in bottom panel, Fig. 4(a) . Below T N , the spin fluctuation is continuously decreasing. Interestingly, the vanishing point of the fluctuation occurs at T ∼ 35 K, revealing that the slow development of the AFQ order is likely related with spin fluctuations. When the AFM order is fully developed, the AFQ order becomes reinforced. In other words, this AFQ order is induced by the AFM order through spin-orbit coupling. Furthermore, the AFM order below 35 K is affected by the reinforced AFQ order, resulting in the increased AFM correlation-length (inset in Fig. 4(a) ). These implications are schematically summarized in Fig. 4(b) . We note that the alignment of the orbital and magnetic orders also provides a possible reason for the AFM pattern found in this system, due to its spin-orbit coupling, and that the AFQ pattern in Fig. 4(b) used the same pattern as DyB 4 [31] because the in-plane AFM patterns in both GdB 4 [34] and DyB 4 [31] are identical.
In summary, we demonstrate for the first time the existence of orbital order in the half-filled 4f -electron system, GdB 4 , using resonant soft x-ray scattering. We also reveal that the orbital order is strongly coupled with the antiferromagnetic spin order. Considering these findings as well as the intrinsic advantage such as the maximized
